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i B AFRLEAAERT FIELBKRFRIK (TSCP) 5K FI4E (GOS) AR #AZ LM (80, 100, 120 °C)
T #) & 094 K45 = 4 (G-TSCP) @9 3ZAL4FH R4, BN % G-TSCP 49 & £ (AE) . pH. K HA3%
B, BMERBRAR > FHATTNEEENEE, ARAMMEZ TR b3E (FTIR) . ARSMERUEE IR
O HEFR & 3 b R ATK 09 L2 M AF AR B L AF AT 0 AT, 2R AW, Mokt K, G-TSCP#HME. AE1L
BR KRB R E A (P<0.05) , @ pH 2FHAK (P<0.05) ; H ¥, 100 °C #=# 60 min %] & 49 G-TSCP 4%
B iR F] 9.58%+0.23%, AEAA% 4.39+0.13, 34334 H 50280348089 Rfu, ¥ H &AM K H1E; 120 °C Aok 20 min
#] %49 G-TSCP pH # Ak (7.55+0.03) . HAMSH B, G-TSCP #AHE 5 AE{E (=0.83, P<0.01) A% ARE
(r=0.77, P<0.05) £2% EAa%, @ pH 5 AE{L ()=0.81, P<0.01) A% AX3%E (=087, P<0.01) EMEF
fiAa%. FTIR AT & ¥, #EAABAFFH TSCP —ALEM A AKX T, BKAMMA TSCP, /£ 120 °C T A=# 20 min
J& G-TSCP # -4 f L2 MBI AR 46.5% F& & 24.6%, & AL A o 25 H b1 AK 12.4% 38 F 33.6%. AR IM8E 408 1k
F I &, G-TSCP &9 Kf# B 2 A M54 TSCP 2 & 41K 22.18%~68.8% (P<0.05) , H ¥ 120 °C A= # 20 min %] %49
G-TSCP 7 i H AL W B 88 K g Ak (6. 65%i0 18%) : 100 °C A= 120 C #| %49 G-TSCP K % = 4.4 1000~5000 Da
S FERIAMIPIE TSCP 2ERSG ., K45 LA R, Lo iHH 100 °C/40 min 7, G-TSCP #4934 & K 8.07%,
Ak £ BE A2 5.83 ug/100 mg TSCP, %/é);gmf_ BiEd, HFMIHLKEEN 1027%, BFIKT TSCP #9341k K fiE
. (P<0.05) . B, 4 100 °C/40 min #e & & 4T #1469 G-TSCP T A A4 IR IR 69 545 tE, AR L H ot
XA BRI ST KR T AR,
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Abstract: This study investigated the physicochemical and digestive properties of glycated tilapia scale collagen peptides
(G-TSCP) reacted with galactooligosaccharides (GOS) under different thermal processing conditions (80, 100, 120 °C). The
glycation degree was evaluated through analysis of colorimetric parameters (AE), pH variation, fluorescence intensity,

grafting degree, and furosine level. Structural characterization was performed using Fourier transform infrared spectroscopy
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(FTIR), while digestibility was assessed through in vitro simulated gastrointestinal digestion coupled with size exclusion
chromatography (SEC). Thermal processing analysis revealed significant time-dependent alterations (P<0.05): grafting
degree (9.58%+0.23%), AE values (4.39+0.13), and fluorescence intensity (502803+8089 Rfu) reached maximum levels at
100 °C/60 min treatment, while the most pronounced pH reduction (7.55+0.03) occurred at 120 °C/20 min processing.
Significantly positive correlations were observed between grafting degree and AE (r=0.83, P<0.01) and fluorescence
intensity (»=0.77, P<0.05), while pH was negatively correlated with these parameters (r=—0.81, P<0.01; =—0.87, P<0.01).
Secondary structure analysis indicated that glycation-induced conformational changes were characterized by the decrease of
S-turn content (from 46.5% to 24.6%) and the increase of random coil structures (from 12.4% to 33.6%) under the
processing condition of 120 °C/20 min when compared to native TSCP. Digestibility assessments demonstrated that G-
TSCP exhibited lower hydrolysis degree (from 22.18% to 68.8%) when compared to native TSCP (P<0.05), with the 120
°C/20 min processed sample showing minimal intestinal digestibility (6.65%+0.18%). SEC analysis revealed that thermal
processing at both 100 °C and 120 °C significantly enhanced the ratio of 1000~5000 Da fractions in G-TSCP, showing
higher proportions than unmodified TSCP. Under optimal heating conditions (100 °C/40 min), the glycated tilapia scale
collagen peptide (G-TSCP) exhibited a grafting degree of 8.07% and a furosine content of 5.83 pg/100 mg TSCP, indicating
moderate glycation. Compared to native TSCP, G-TSCP demonstrated significantly reduced gastrointestinal hydrolysis
(10.27%) (P<0.05), suggesting enhanced digestibility resistance. These findings reveal that controlled thermal glycation can
modulate collagen peptide structure and attenuate digestion, providing a potential strategy for designing sustained-release
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bioactive peptide formulations.
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B AR FRFHINAIAR, SH B R E I,
PR ka7, EEN AN T R R
R AR ey =ik s8] T 180 JymliPl, 7%
AR AN Tk B vb 2™ A Kde T JADRE, anfh pz | Ao figh
& Ay AR BRI 40%~50%, F R ZAE 10%
LiAa W SERCIR PR 2%, B R i R ETHFESS 3
TEAEWM AR DL B AR PR BAS (R, (R, PRI
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ST, R IR

SEFAH Y (maillard reaction ) 23 JFUBE 142 3k
Fig = [V1) 2 A 0 — A A BB R S0z, WY AR RS2 1 5T
R ERE XA SPTELRE 115D ReREN:, FE B e
WA 52 EY, REMFSR A IFRIE T AFE S &
1 53 8% 22 K 19 35 $7 5 )2 B 77 %) (maillard reaction
products, MRPs) , TEH] T SEh7 8 5z W A28 1 5T
DrRe M BT EAA — 2 EGEE A, e n] LIRS AL
ek, B UCEE G IE R, 4 BRI erE
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YRS I T AR, BREEM R DRYE AR A R AR
W e A R B I . Han 2500 1) FH 45 A pE X e
0 JJUREF AR S PR s 2 B0, B SR f A ik
MR T VUSRS 4EER 1 TE A, [RIEE AT DL 25 R3S
A 22V, AR I B E R o eAh, B
IR NI E], pH . KB B A RIS R Bie EL A
PRI X S A= S WA Fenh . AR SRR v, Jindhsk

FRrmf e AR 2, B AN R R S e e i
PEAS R I Ass, T AE BB AN R B RN D e
PERLE Y. BB, SR ISR R s i SR A
2N BB, Xl MRPs B9 FRAL M 5 AN Th i v
HATEZER X,

A8 S B AEIRFEAS RIS A AR bk
(galactooligosaccharide, GOS) ¥ &AM X 27 4R £
34 52 JFUIK (tilapia scale collagen peptide, TSCP) (75 .
pH. DECHREE | HERUE | BRZERR & B Y REN, JTHE i
L 2T A GRS S AT B S LIE M XT TSCP 2514 15
e USRS SRS MR AL, IR LIEAT S
TSCP HALMEM ARt . AT SR 7K B TR GHT ™ i
F AR — 2 LSRR
1 #REE%E
1.1 MREEE

AR UK (535 Bt 2000 Da) mES
B SR A BRAS 75 AR P ZLpH (2l h 80%)
= F TR A IR A A R F s 38 B & e
(3000 U/mg) . Ji& & 1 B ( 250 U/mg) 14
BioFroxx A=WRMT; GRS, L-22& ik _LigE
EMRAEIEI R R AR A A R R E
Sigma A\ Fl; -k OBE RS RALEREOR AR
al; HAF Grdral)  PHER2ERAR A TR A E] o

DF-101S SR ER IR ifidias B
JRAES R A R 7] YS6060 50224 T 5L
AR A IRA T pH i+ T Bk R
FRZAF; UV-6100 248 0T ULS3 GG RE T F-4600 2%
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1.2.1 BEFEARBE ARl 4 o TSCP(10 mg/mL)
5 GOS #:H8 4:1(m/m) B9 EL B % F 5 iR £k 2% vh ik
(0.05 mol/L, pHS8.0), % F13+F: 20 min, HHFT/R
Ao BHIRGRES S N =40, ARAEAE 25 mL BE I
1. 2% Niu %19 5 Chen 55" (YHIFSE, IH45G 1
M IB PR 451E, B R 1 ZHARS 43 BB T 80 °C K
% 60, 90, 120 min; 2% 2 HAE 4515 T 100 °C ¥l
% 20, 40, 60 min; 25 3 ZHAE S4BT 120 °C 7
% 10, 15, 20 min., LS R FHATR A, BT
—20 °C F#AF. KU GOS 1Y TSCP h=as 4.
1.2.2 @ =% 2 BaEE ek, vk
D65 JG R, FH o 22 {0 52 Bl 3t Ak i S K ( glycated
tilapia scale collagen peptide, G-TSCP) ¥ & 1) Bl (4,
PAARESTIN GOS 1 TSCP ¥EWCAXT A . 0S4
L. a" . b"E, I RIRE 255 AE, Hoh L7 a”,
b5 AE Sy NFORZE L0 MEMBOIE, BEO
ZEMTHRA AN

AE* = AL + Aa™ + Ab?

P AL™ Aa"F1 Ab™ 535 Rl AL e IR A
ESEAS L LT o F b2 a0 25 H
1.2.3 pHE ZSHHEIEALSE"Y ik, KA PB-
10 pH T HMEAFEINFSRF F G-TSCP 9 pH.
1.2.4 OGMIKGER I eI IL =) AGEs
F 5 BAT — 5 P8GR, TECR I (A, ) 347 nm,
RHH UK (Ag,,) 415 nm % 10 mg/mL G-TSCP
IR B N
1.2.5 B S AR EEM e =% Wang 551 Jr
75, BT OPA LI E i B &4 25 & &, I i3 G-
TSCP HHERE . FREL 40 mg 4F2E —HIEEE T 1 mL
F S, SRS 43BN 25 mL 0.1 mol/L A POHIRR4M 2%
PR . 2.5 mL 20%(m/m) SDS Fll 100 pL g-#idk 2,
i, FEATIRAT, INA B Ai/K E 24 2 50 mL, BI2h OPA
7). HX 4 mL OPA &5, LA 200 pL 10 mg/mL [
G-TSCP W CK 100 mg R TAEMEE T 10 mL 84l
K JETRET, AE 35 °C /KU H B G NY, 2 mine FFZ
REEEHUR, MAE 340 nm bW . FH 22 2R FC ]
PRI RIPRUERR LR, 159 2IbR i ER T R N y=
0.34636x+0.46015(R>=0.993 ), HRJEHRAE I LRI KE
i PR S L 5 e M e B . R TR AN R

ek (%) = & (;OCI

s C A BT I U S 2 B R ), mg/mL;
C, RN I A 2 2 M B, mg/mL .
1.2.6 #EEREEME ZSFHrdE NY/T 939-2016
CEERARZLUN UHT KEFL PR EFEFLA S 5
Li 2807 0 i 58 7 v, SR FH =0 R0 A €635 7 Chigh
performance liquid chromatography, HPLC), B ifill ki
SIRHRER W2 RIbR e B £R, 15 B pR el 28 72

x 100

SM: y=9.99463x+17.79609(R*=0.999) , AR PEARHE T 119
LR BE B TR HSURE i B ZIR A5 S s B, XL T
5T

1.2.6.1 FEMHI& B 20 mgETAEM S 6 mL
10.6 mol/L FhARIE G, IMABILEE T, # & 2 min,
A2 P FEA RS R S, BT 110 °C fHIEHXL
THRAR KM 23 he KRESERIFRENG, FHIELGT 8
Bk, HU 1.0 mL KA, 0.22 pm BY7K RIENRT JE,
SRR SRR S A T E o

1.2.6.2 HPLC %At (@i%4E: SUPELCO C 4(5 pm,
250 mmx4.6 mm); AE{E: 30 °C; 1 280 nm; Fiidk:
0.6 mL/min; #EREE:: 10 pL; W3IAH A: 0.1% TFA Z
BRELTA IR (m/m), FRBhAR B: B A6 BE VR AU F2 P Un
%z 1 iR,

E1OGEBERE

Table 1 Elution gradient
P45 BHE(min) M (mL/min)  HEIHIA(%)  FBIAHEB(%)
1 - 1.00 100.00 0.00
2 0.00~16.00 1.00 86.80 13.20
3 16.00~16.50 1.00 0.00 100.00
4 16.50~25.00 1.00 100.00 0.00
5 25.00~30.00 1.00 100.00 0.00

1.2.7 HHEMNASGRLTINEIENE SRR 1977
125, SR A HL AR P 2T A1 R (FTIR) YU a2 B3k 1b
EME*T TSCP &5 M RE M . B 2 mg R TR 518
ALEHE 1:100 By & b Fe iR A WFE I R A, SR
A B AR LT A MG REA A TH I o F I EGE
2 4000~400 cm™', 5384 4 em™, 5L 32 IR
LM G R A i S R S A B, ST
e 147 1600~1700 cm™' Ak — 2R 5 AIASABIE I o
1.2.8 RIMERIHEIL S EIRIESE ki T
ARG MEALTH A, AT AT ) HAARC ) DL 2.

2 BHH LT

Table 2 Preparation of simulated digestion solution

e WHORE BRI (SGF) AR (SIF)
(mol/L) (mL) (mL)

KCl 0.50 7.00 7.00
KH,PO, 0.50 1.00 1.00
NaHCO, 1.00 30.00 45.00

NaCl 2.00 40.00 40.00

MgCl,-H,0 0.15 0.10 0.50
(NH,),CO; 0.50 0.50 -
CaCl, H,0 0.30 0.15 0.60

Bt 100.00 100.00

FELH W FREX 0.05 ¢ BEMAES 75 mL SGF
WARWIR ST, FHB A /K EZE E 100 mL, #5735 pH &=
2.0, BT 4 C 1FH.

KW - 43 BIFREL 0.0025 g AR 1. 0.01 g
a-FEFE TN 0.85 g IHER 5 75 mL SIF W45 IR A,
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FHABA/K E A E 100 mL, ¥ pH = 7.5, BTF 4 C
S

B 0.1 g R TFRESLET 10 mL 251K, 4
W pH & 2.0, FEHU S mL LS, $47 06 R 5 =
1:20(m/m) i ELfBl, In A SRS W, 37 °C 1B
£ 3% (120 t/min) 120 min, ¥ B HIL ¥ 1 mol/L
NaOH P77 pH = 7.5, 5l 5 mL B 1ML, $e e
2 JFREE 1 - o-BE R =1 : (1/400) : (1/100) (m/m/
m) i L B A S AR FRAR L7 W, 37 °C TE IR PR
(120 r/min) 120 min, SE8IH . HEAHZAH H 17T
AbJESERPEH, 90 °C /KK 10 min?Y,
1.2.8.1 THAL/KMEDIE SR OPA ki bl e Ui
B S IR S TE AR R, 2B B A 1.2.5,
KSR

IKARFE (%) = % x 100

e C A TE AT U B8 2 3L R JE , mg/mL;
C, FHAL)E i RS a B, mg/mL .
1.2.8.2 4y THERH@EM sz  Z=H bR GB 31645-
2018 SR AR R Y 1 Tk, LA i (53 C(Mw
12384) . MMIKEFE(Mw 6511.44) . FFEIK(Mw 1423.00).
SEAIE D HIR(Mw 612.63) | iR JFIIABEH I (Mw
307.32) MbRifEdh, e hl bRl 2k, 15 B bRERT 20
y=—0.205x+6.586( R>=0.991) . HPLC £ 14 . ¥ I&
30 °C, (A%t TSKgel G2000SWXL(5 pum, 7.8 mmx
30 cm) . WBhAH: LNE 7K =& L HR=450:550:1
(v/viv), P : 220 nm, Hii#: 0.5 mL/min, JEFE & .
20 pL, PFRERTE]: 30 min.
1.3 HIERIE

FHBAR VAT =K, 5P AR D
7% (mean+SD) £ 7K, f#i J Excel. Origin2021. SPSS.
OMINC., Peakfit S54RI T 88 A3, AR 98 nb 25 P
2255307, P<0.05 FREARIAEAE 5 2E 5
2 FR5Ph
2.1 HEENEIGIRREFRNSMN

WAL ) €058 1) AR A6 ] FH SR RAENE AL R
BEPA ARSI SR - FUB R S A S IR S 0 A
ZERIFEMANE 1 &R 3 PR, 16 —FhEE FhESE
Tt E] R S, G-TSCP 4 (0,32 W IR, &k 5 T
o FEARFEAIIERSEET, 120 °C i 20 min A FE
A L /N (P<0.05) , 52 B B IR, 0B 2 3 %
100 °C Jii#% 60 min FURES, b i mik®] 5.58, VW
T a TEARFINFGRAF AR i . =R
T, B G AR B TA] ) SE K AE {E W3R i (P<
0.05). Hr1, 100 °C in# 60 min B} AE f:K(4.39),
VLIS SRR B fe i, SRR SN 5 117
YRR SR AR TR (0 2 A I AR AR F/RAPY
193] 7RG, F5 B INFAES RIE R, g S
RRERAZ ZEWH AR 22 ) (PR AR AR B 2T 1

BT nFASA RIS FUR R ARSI
SIS
Fig.1 Effects of heating conditions on the appearance
of the glycation of peptides modified by
galactooligosaccharide

F3 MM G-TSCP (AP
Table 3  Effects of heating conditions on the color deviation

of G-TSCP
E ) . .

() (min) L @ b AE

0 0 113.86+0.14* —0.55+0.01* 1.85+0.01% —

80 60 112.99+0.16°  —1.13+0.02° 2.48+0.13" 1.21+0.06%

90 112.90£0.12"  —1.10£0.01" 2.83+0.43°" 1.48+0.19

120 111.71£0.07° —1.13£0.01° 3.91£0.05°  3.14%0.15°
100 20 112.45£0.12¢  —1.11£0.01°  2.58+0.08"  1.66+0.04°
40 111.88£0.12°  —1.09+0.01° 4.37+0.30°  3.26£0.20°
60 111.68+0.11°  —1.21£0.01°  5.58+0.18*  4.39+0.13"
120 10 112.95£0.18"  —1.09£0.01" 2.99+0.05°  1.42+0.02
15 112.65+0.18¢ —1.11£0.05* 3.72+0.06° 2.20+0.05°
20 111.30£0.17°  —1.21£0.01° 4.67+0.04"* 3.81%0.07°

1 ISR/ ING A R AR AL FILH 22 57 1 25 (P<0.05), 4., K5I,

2.2 HEEALEIRIIARAK pH RIS

IIFRGEAE XL R A ZUB B S AL IS JEIK pHL 152
MAANER 4 P, = AR N BEE BT R i e, b
FALIRAY pH R (P<0.05), IX SRR TEEERS 19
WFFREEIRAEST . 525 4 AE EE, 120 °C Jin#A 20 min
Bt G-TSCP 19 pH T Ffi ik &, BEAK T 5.86%, iX &
i AEN AR SN W 3 9 B 5 A UK A = 4 FE I
RGN 0T, AE— T IR T I M) pHOL,
BERHAER (I GE e Y, Bl DN R 2 1, fIRER A
Wi 5 FLIE 53 B R R0 pHL i 2RI



4185 E S

B/ 15235 S DD B A P [Sha ikl S R Sl T s e AL ] 65 -
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Table 4 Effects of heating conditions on pH of G-TSCP

TREE(C) A ] (min) G-TSCP
0 0 8.02+0.01°
80 60 7.92+0.01°

90 7.8140.02¢
120 7.72+0.02¢
100 20 7.91+0.02°
40 7.80+0.02¢
60 7.68+0.03¢
120 10 7.91+0.02°
15 7.71+0.02%
20 7.55+0.03"

2.3 PEEALISIBRIARIRARIE AGEs 2 AkAISZNT
WAL ™ W) 5 D' W A B2 i AR A T LA >R 2
NEME =¥ AGEs 19 & AR TR S8 78 X
SR~ FUBE S A I IR S i B B S i an &1 2 oy
IRo TEAFIRIE T, B IR R B9 EE |, G-TSCP

A
500000

N
S
S
S
S
S

300000 |

200000

PEETRE (Rfu)

100000

0

30 60 90 120
2 L[] (min)

7

o+

oe}

500000 -

400000 -

300000 -

DEEHRIE (Rfu)

200000 -

100000 -

ZIO 4I0 6I0
SIS E] (min)

ot

500000 -

400000

300000 -

PIETRIE (Rfu)

200000 -

100000

6 é IIO 1I5 iO
S T] (min)

Bl 2 SRR G-TSCP 9L B 152 0
Fig.2 Effects of heating conditions on the fluorescence
intensity of the glycation of peptides modified
by galactooligosaccharide
F: (A)80 C, (B)100 °C, (C)120 C, &l 6 [l

F1 19 AGEs & &= b 35 3 i ( P<0.05) , #£ 100 C
A 60 min B i G-TSCP 5% S 58 JiF ik 5] 5 K AH
502803 Rfu. ZEFE K AYIIEAT[E] 40 100 °C i #4
40 min 5 120 °C H# 15 min J5, 7GR A
A JITRRAIS, PP AR AT REJZ th TR A [a] 4t
S TN E S o B A oA ol XL e s = DD I O P T = s
BRI DICIRMR, [FIR i 2R BRI AT B2 T3k
PNV, REARDE o 1 g 1T
24 PEEIEIHEXIRIREIER E IR0

B VT B P UOE S b s 0 A B 1) 224
bRz B0 ISR AR IR P ZUHE AL e S ik g2z
R EERFEM AN 3 fias, FE—FRIEEE T, G-TSCP /Y
TEAS BE YA] [ R B ] B4 S K T A O, F B InHAIR B
G} (] S5 mapE S A AR R R, X 5 X
ZREEBY RFSEAETE . 100 °C R4 T G-TSCP 4%
A BERR G, INFEE 60 min B 5] 5% KB 9.58%; 1M
80 °C 5 120 °C Jin#EY, G-TSCP #2437 KT 8%,
WAL RAR ., B B2 WIFSE S BRI Ta] i i i
A= LR R ), HEAS B Bl N A A (] b S 3
.

12 : ab . ab
S b A |
£ 18 [
X %?%g% é%% é%%
L

Bl 3 IEASATRS G-TSCP HRUE (152
Fig.3 Effects of heating conditions on grafting degree of the
glycation of peptides modified by galactooligosaccharide

H: ANF/NE FHR R R A E AL #4225 5 (P<0.05);
K4, & 7[FE,

2.5 MREEAHEIGRIRERES =/

MR8 & Amadori ;=4 - SIS0 1% TR 7K fif:
TR, AR S B 1 KR DR R AR B Y B AR AR
PBI L INFREALE RIS A 2L 2 L i TR Ok 21
TR URIRINE 4 B, 80 °C INEE R G-TSCP
PR 21 B A v, EL B EA S Ta] ) B, FOMR &R
Fr R K 7E 100 °C JinE 40 min B, G-TSCP ##
R O AT (5.83 png/100 mg TSCP), TTEL:
TR A A A 2 S a8 B B RIS, 1X rT B
FH TR IR B RS, FLr Rl 5% bk,
WRHAT~ 4B, 2GR EERE] 120 C B, Indast (]
10~15 min A, R S HEFHE T 6.82%, k)5 5 min
PRUBR 22018 7 1 i ZE REAIR (P<0.05) , X B I AE 15~
20 min N Amadori PR BE R FIE Mo R
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=)
N
T

(ng/100 mg TSCP)
(=)}
NS}

Bl 4 I#SAERT G-TSCP HREIR & B Y5
Fig.4 Effects of heating conditions on the content of furoamic
acid of the glycation of peptides modified
by galactooligosaccharide

2.6 MRS ITEREIEIBIEFRaIE X ST

IS AERT G-TSCP Byt 22, pH., DEEHRE ., 15
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Table 5 Effects of heating conditions on the secondary
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